Mechanisms in knockout reactions 
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We report on the first detailed study of the mechanisms involved in knockout reactions, via a 
coincidence measurement of the residue and fast proton in one-proton knockout reactions, using 
the S800 spectrograph in combination with the HiRA detector array at the NSCL. Results on the 
reactions ^Be(^C,^B-|-X)Y and ''Be(*B,''Be-|-X)Y are presented. They are compared with theoretical 
predictions for both the diffraction and stripping reaction mechanisms, as calculated in the eikonal 
model. The data shows a clear distinction between the two reaction mechanisms, and the observed 
respective proportions are very weU reproduced by the reaction theory. This agreement supports 
the resuhs of knockout reaction analyses and their applications to the spectroscopy of rare isotopes. 

PACS numbers; 24.50.+g, 25.60.-t , 25.60.Gc, 25.60.Dz 



In a nucleon knockout reaction, a single nucleon is 
removed from a fast moving projectile in the high en- 
ergy collision with a light target. This type of reaction 
is being used extensively to probe the wave functions 
of rare isotopes produced at fragmentation facilities 
The success of this technique relies on the utilization 
of fast radioactive beams, which on one hand provide 
a high luminosity due to the use of thick targets, and on 
the other hand enables simple assumptions such as the 
sudden and eikonal approximations in the reaction the- 
ory. This unique combination has already yielded a vast 
amount of spectroscopic information on nuclei far from 
stability, where benchmarking nuclear models such as the 
shell model is crucial. 

Typical experiments employ thick targets and 7-ray 
spectroscopy for luminosity, and the removed nucleon is 
not detected. Since, therefore, no information is recorded 
experimentally on the fate of the removed nucleon or 
the final state of the target nucleus, the reaction the- 
ory is used to estimate both elastic (also called diffrac- 
tion) and inelastic (also called stripping) breakup mecha- 
nisms. These contributions to the knockout cross section 
are summed before comparison with experiment. It is 
therefore of great importance to investigate the propor- 
tion of each reaction mechanism experimentally in order 
to validate the reaction theory, and assess any deviations 
due to approximations in the reaction dynamics. In par- 
ticular, no experimental data showing the kinematics dif- 
ferences between the two mechanisms has been available 
so far. 



A more exclusive experiment where the momentum 
vectors of both the heavy residue and removed nucleon 
are measured is necessary to distinguish between the dif- 
ferent reaction mechanisms. The one-proton knockout 
reactions on and were chosen for several reasons, 
summarized in table |T1 The diffraction component in the 
proton knockout from ®B should be enhanced in compar- 
ison to due to its lower proton separation energy. The 
final states of both heavy residues are well defined since 
^B has no bound excited state and ^Be has only one. 
Finally, the possibility of producing a radioactive beam 
containing both nuclei, as well as the easier detection 
of the knocked out protons rather than neutrons, were 
further motivations. The eikonal calculations were per- 
formed using proton bound state and target and residue 
density parameters taken from previous studies !2J. The 
Coulomb breakup cross sections are also included since 
both contribute to the diffractive component. 

The experiment was carried out at the National Su- 
perconducting Cyclotron Laboratory (NSCL), where a 
primary beam of ^^O at 150 MeV/u was used to pro- 
duce the ^C and *B radioactive beams via projectile frag- 
mentation on a 1763 mg/cm^ ^Be target. Both ^C and 
*B beams were filtered out simultaneously by the A1900 
fragment separator [3,] , and contained a small amount of 
^Be and ^Li contamination. Reactions from the different 
components of this cocktail beam could be easily iden- 
tified event-by-event, using the timc-of-flight measured 
between two plastic scintillators located in the beam line 
before the reaction target. The one-proton knockout re- 
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TABLE L The stripping and diflraction components of the 
one-proton knockout cross section for '■'C and *B are calcu- 
lated in the eikonal model. The small contributions from 
Coulomb breakup are taken from which used very similar 
incident energies. The spectroscopic factors C'^Ssm are taken 
from shell- model calculations using the PJT interaction 0|. 
The radial mismatch factor M for the knockout comes from 
the imperfect overlap of the least bound proton wave func- 
tions between the projectile and the residue, as calculated in 
[^. The last column indicates the predicted proportions of 
elastic breakup or diffraction (including Coulomb) relative to 
the total. 
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actions took place in the scattering chamber of the S800 
spectrograph on a 188 mg/cm^ ^Be target surrounded 
by the HiRA detector array Q. The mid-target ener- 
gies of the and ®B beams were 97.9 MeV/u and 86.7 
MeV/u respectively. The one-proton knockout residues 
were collected and identified around 0° degree by the 
S800 spectrograph, whereas the Ught particles emerging 
at large angles were detected and identified by the HiRA 
array. The angles covered ranged from 11° to 60°. Due 
to the finite 5% momentum acceptance of the S800 spec- 
trograph, several overlapping magnetic rigidity settings 
were necessary to cover the range of momentum spanned 
by the ®B and ''Be residues from both reactions. 

The light-particle identification in the HiRA telescopes 
was performed using the signals from the silicon detec- 
tor for energy loss versus the Csl crystal for total energy. 
The punch-through energy for protons in the Csl detec- 
tor is around 120 MeV. From both reactions, events in 
coincidence with the one-proton knockout residues re- 
vealed not only protons, but deuterons and also a few 
tritons. Such events must involve an inelastic interaction 
with the target. For events in coincidence with protons 
only, however, both elastic and inelastic interactions are 
possible, corresponding to the diffraction and stripping 
mechanisms. To investigate the differences between these 
mechanisms experimentally, the energy of the detected 
proton was plotted versus that of the heavy residue, af- 
ter proper calibrations of both the S800 spectrograph 
and the HiRA array. The energy of the heavy residue 
is reconstructed from the focal-plane positions and an- 
gles measurements via an inverse map calculated with 
the ion optics program COSY Infinity [1]. The resulting 
spectra are shown in Fig. [U where a narrow band at high 
energy can be observed for both reactions. This narrow 
band corresponds to events in which there is minimal 
transfer of energy to the target and the incoming projec- 
tile kinetic energy is essentially shared between the heavy 
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FIG. 1; (color online) Two dimensional spectra of the energy 
of protons and of the heavy residue in one-proton knockout 
reactions from '"'C (top) and *B (bottom) projectiles respec- 
tively. The narrow bands of constant energy sum correspond 
to elastic breakup whereas other events are associated with 
inelastic breakup (see text). 



residue and the proton. These events are classified as due 
to elastic breakup. In contrast, the events located below 
the band correspond to reactions where a large portion 
of the initial kinetic energy of the projectile is lost to the 
target nucleons. These events are identified as inelastic 
breakup since they involve excitation of the target. 

To further characterize the two classes of events ob- 
served in the previous spectra, the energy sum spectra 
of the heavy residue and light particle detected in coinci- 
dence was reconstructed from individual energies. They 
are shown in Fig. [2] for all coincidence events, as well as 
for protons only and deuterons only. The events in coin- 
cidence with protons show two distinct features: a sharp 
peak at high energy and a broad, overlapping peak at 
lower energy. For events in coincidence with deuterons 
on the other hand, only the broad peak is visible. Since 
the neutron in the deuteron can only originate from the 
target, this further indicates that the sharp peak cor- 
responds to elastic breakup processes, where the target 
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FIG. 2: (color online) Energy sum spectra of the one-proton 
knockout residue and the light particles detected in coinci- 
dence in the HiRA detector array for ®C (top) and (bot- 
tom) projectiles. The sharp peak corresponding to elastic 
breakup is visible in proton coincidence events, whereas it dis- 
appears for deuteron and other coincidence events (see text). 

stays in its ground state. The width of the elastic peak 
comes from both the momentum width of the incoming 
beam (1%), and the broadening due to the differential 
energy loss in the target - the energy difference between 
reactions happening at the front and the back of the tar- 
get. 

In order to evaluate the proportion of elastic breakup 
in the reactions, the elastic cross sections have to be 
extracted from the data. The following procedure was 
used. The scattering angle distributions of protons de- 
tected in HiRA for both inelastic and elastic peaks were 
extracted by applying a cut in the energy sum spectra at 
the junction between the two peaks. The elastic distribu- 
tions were then obtained by subtracting the tail of the in- 
elastic contamination leaking into the elastic peak above 
the junction, as determined from a double-Gaussian fit 
of the distributions (see Fig. [2]). The resulting pro- 
ton scattering angle distributions were then corrected for 
the geometrical acceptance of the HiRA array within its 
angular coverage, obtained from a Monte-Carlo simula- 
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FIG. 3: Proton scattering angle distributions obtained for 
®C (top) and *B (bottom) elastic events, after subtraction 
of the inelastic contamination using the fitted energy sum 
spectra (see Fig. ^ . Also shown are the results from a CDCC 
calculation of the same quantity. The CDCC distributions are 
used to deduce the amount of unobserved cross section due to 
the lack of angular coverage between 0° and 10° , after (minor) 
normalization to the data. 

tion. The proton angular distributions obtained from 
the and elastic breakup events are shown in Fig. 
[3l There they are compared with the theoretical pre- 
dictions from Continuum Discretized Coupled Channels 
(CDCC) calculations, that retain the full three-body fi- 
nal state kinematics of the target, residue (r) and the 
diffracted proton. The CDCC calculations make use of 
the methodology of Ref. |9|] to calculate the laboratory 
frame multi-differential cross sections cPa/dflrdflpdEp 
of the proton and *B/''Be residues that are then inte- 
grated over the angular acceptance (Arir= 21 msr) of 
the fast, forward-going residue and all proton energies 
Ep < 120 MeV. The parameters used in the CDCC cal- 
culations are the same as employed for the earlier eikonal 
model results, including the complex proton-target and 
residue-target distorting potentials that were taken as 
the double- and single-folded interactions used to gen- 
erate the corresponding eikonal elastic S-matrices. The 
unobserved cross section between 0° and 10° could be in- 
ferred from the excellent agreement between the CDCC 
theory and the observed distributions at larger angles. 
Corrections of 15(3)% and 28(5)% were calculated for the 
^C and ^B elastic breakup cross sections respectively, us- 
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FIG. 4: (color online) Inclusive parallel momentum 
distributions of the heavy residues from the reactions 
^Be(''C,*B+X)Y (top) and ®Be(*B/Be+X)Y (bottom), re- 
constructed from the various magnetic rigidity settings of the 
S800. The shapes of the distributions calculated from the 
eikonal model reproduce the data very well, except for the 
low momentum tails. For that reason, Gaussian distributions 
have been added in the fits used to extract the inclusive cross 
sections. 

ing the CDCC distributions. After combining the data 
from the various magnetic rigidity settings necessary to 
cover the momentum distributions of the heavy residues, 
correcting for detector efficiencies and the finite angular 
acceptance of the S800, the integrated proton scattering 
angle distributions yielded cross sections of 13.8(6) mb 
and 49(2) mb for the elastic breakup cross sections of 
and respectively. 

The inclusive one-proton knockout cross sections were 
obtained in a similar way as the elastic breakup cross 
section, except that no coincidence with the HiRA ar- 
ray was required. Fig. [4] shows the combined data ob- 
tained from the various settings of the S800 for the par- 
allel momentum distribution of the heavy residue, as well 
as the eikonal calculation and the fit used to determine 
the inclusive cross section. The observed distributions 
are fitted by combining the eikonal distribution with a 
Gaussian centered at lower momentum to account for 
the low momentum tail. Note that for the eikonal com- 
ponent only the position and height were varied. The 



values obtained are 56(3) mb and 127(5) mb for the 

TABLE II: Measured and theoretical diffraction (including 
Coulomb) components of the one-proton knockout cross sec- 
tion for ''C and *B. The calculated difi'raction component 
agrees very well with the observation in both reactions. The 
large error bars in ^ come from the inclusive method used 
in that experiment. The theoretical inclusive cross sections 
are shown, which include center-of-mass correction factors 
A/(A-1). The deduced reduction factors Rs=crea;p/o"th are 
also shown, as well as previous measurements. 
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9Be(9C,*B-|-X)Y and 9Be(*^B,^Be+X)Y reactions respec- 
tively. They are in good agreement with the earlier re- 
sults of Enders et al. . 

Our experiment measures the components of elas- 
tic and inelastic breakup in one-proton knockout reac- 
tions. The kinematic differences between the two reac- 
tion mechanisms are apparent in the experimental data. 
Moreover, our analysis shows that the observed diffrac- 
tion and stripping contributions are very well reproduced 
by the theory, as shown in Table HIl This adds consider- 
able support to the use of the eikonal model as a quanti- 
tative tool, able, for example, to determine single-particle 
spectroscopic strengths in rare isotopes. 
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